estimated at 4.0 to 4.5 t ha Ϫ1 (Illy, 1997; , and in general two crops per year are grown.
boring countries (Matlon et al., 1996 ; Mié zan and Sié , tions are 82 kg N ha Ϫ1 (wet season) or 105 kg N ha Ϫ1 (dry season), 1997; Wopereis et al., 2001 ).
31 kg P ha Ϫ1 , and 30 kg K ha Ϫ1 . The model RIDEV was used to im- Segda et al. (2004) conducted an agroeconomic char- infrastructure and machines and the reimbursement of credit. At current productivity levels, the economic viability of the irrigation schemes in the Sahel can be ques-R ice is developing as a major staple food item of tioned (Bé liè res et al., 1997) . Productivity increases are Burkina Faso. Demand has grown at an annual necessary to maintain the economic sustainability of irrirate of 3% between 1973 and 1992 compared with an angated agriculture in the region. nual population growth rate of 2.9%, which can be exBased on the agroeconomic characterization study, plained by changing consumer preferences (WARDA, Segda et al. (2004) concluded that the most promising 1996; Randolph, 1997) . Currently, in-country producways to achieve higher productivity and input use effition covers about 60% of the demand, and 40% is met ciency are (i) to improve timing and quality of crop manfrom imports. While irrigated lowlands comprise only agement practices and (ii) to improve existing fertilizer about 20% of the total rice area, this system is characterrecommendations (EFR). Fertilizer recommendations ized by considerably higher yields and contributes about in Burkina Faso have not changed since introduction 50% to national rice production (INERA, 2002) . Irriof irrigated rice and are presently uniform over large gated systems were introduced in the 1960s, and the areas and cut across diverse climatic and edaphic envidevelopment was accentuated from the 1970s onward.
ronments. Especially the widespread use of compound Average yields of irrigated rice in Burkina Faso were fertilizers, not tailored to the needs of the rice crop, constitutes an obstacle for optimization of nutrient manage- trials is rather costly and time-consuming, and simulation tools are increasingly used as a complement (SmalSimulation Tools ing, 1993). The present study used a framework for imTwo simulation tools were used to develop AFR. The rice proved soil fertility management presented by Haefele phenology model RIDEV assists in the opti- et al. (2003b) . This approach combines field data with mal timing of crop management interventions, and a modified simulation tools in a flexible framework. It helps the version of QUEFTS (Janssen et al., 1990) called FERRIZ is user to diagnose limiting factors as well as to develop used to calculate N, P, and K doses for specific target yields. soil fertility management strategies as a function of his
The framework and the simulation tool FERRIZ are deor her goals, e.g., profit maximization, yield maximizascribed in detail by Haefele et al. (2003b) . A short description of the models is given below. tion, or risk minimization, given biophysical and socioeconomic settings.
This study intended to: (i) estimate climatic risk in
RIDEV
Bagré for the two rice growing seasons and for different 
Site Description
and repeatedly used to analyze and improve farmers' crop The Bagré irrigation scheme (11Њ30Ј N, 0Њ25Ј W) is located management practices (e.g., Wopereis et al., 2003) . in the eastern part of Burkina Faso, on the central plateau.
Actual weather data from the survey site were not available. The scheme is situated in the Boulgou province, approximately Historical data (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) from the closest weather station 150 km southeast of the capital Ouagadougou and about 50 km (Fada N'Gourma, 12Њ05Ј N, 0Њ26Ј E; located at about 75 km north of the border with Togo. The African basement complex from Bagré ) were used for the simulations. Photo-thermal and Precambrian sediments determine the geology of the reconstants were chosen from a cultivar similar to the one mainly gion, but soils in the irrigation scheme are developed in alluvial used by farmers (i.e., short duration cultivar IR13240-108-sediments of Quaternary age. Frequent primary minerals are 2-2-3 which resembles farmers' cultivar TOX 728-1). biotite and amphibole. Montmorrillonic and kaolinite are dominating clay minerals (BUNASOLS, 1994) . Soils of the irri-FERRIZ gation scheme (600 ha on the left bank of the Nakambe river) were classified according to the FAO soil classification (FAO, The model FERRIZ (Haefele et al., 2003b ) is a modified version of the empiric and static model QUEFTS (Janssen et al., 1988) as Gleysols and dystric Fluvisols (62% of total area). Soil depth was on average between 0.4 to 1.2 m. 1990). It can be used to estimate rice yields based on indigenous soil nutrient supply (IS) and potential yield (FERRIZ_Y) or The climate is typical for the agroecological zone of the Sudan Savannah with average rainfall of 900 mm yr Ϫ1 in the WS to calculate N, P, and K doses for specific target yields depending on IS and potential yield (FERRIZ_F). from July to October, followed by a cold DS in November to February and a hot DS from March to June. Minimum air Potential yield can be estimated using simulation models, like the ORYZAS model (Dingkuhn and Sow, 1997) as protemperatures below 15ЊC occur in the cold DS, and maximum air temperatures above 40ЊC occur in the hot DS.
posed by Haefele et al. (2003b) , or estimated from best farmer yields or from yields obtained at research stations under highIrrigation for the Bagré scheme is gravity driven and is supplied from the Nakambe River (formerly White Volta). Culinput conditions and optimal crop management. In our case, the ORYZAS model could not be used due to missing weather tivation of the first irrigation scheme started in 1997, in which the present study was conducted (Nimatoulaye scheme or V1, data on solar radiation. Dingkuhn and Sow (1997) observed a relationship between simulated potential grain yield (Y pot at with a total area of 106 ha). The main crop is irrigated rice, which is cultivated in the WS (main sowing time from July to 14% moisture) and geographical latitude separately for the DS and WS. Following that relationship, we estimated that August) and the hot DS (main sowing time from January to February). Almost 100% of the irrigated area is cropped twice average Y pot for sowing in February (DS) is about 9 t ha Ϫ1 , and average Y pot for sowing in July (WS) is about 8 t ha Ϫ1 . a year. Direct seeding and transplanting are both practiced. Existing fertilizer recommendations are 300 kg ha Ϫ1 "cotton Parameters for maximum dilution and maximum accumulation of rice N, P, and K uptake were included according to fertilizer" (N-P 2 O 5 -K 2 O, 12-24-12) applied basally or shortly after transplanting and 100 kg ha Ϫ1 urea (46-0-0) in the WS Witt et al. (1999) and Haefele et al. (2003a) . Using data from farmers' surveys conducted under a wide range of environor 150 kg ha Ϫ1 urea in the DS. Recommended total NPK dose therefore is 82-31-30 kg ha Ϫ1 and 105-31-30 kg ha Ϫ1 in the WS mental and crop management conditions, both studies defined irrigation scheme during the 1999 DS (February sowing) and the 1999 WS (July sowing). Experimental treatments were chosen to provide optimal concentrations of two elements, whereas yields ranging from 6.0 to 8.0 t ha Ϫ1 in 0.5 t ha Ϫ1 intervals in the remaining element was increased stepwise (Table 1) . A ranthe DS (Y pot ϭ 9.0 t ha
Ϫ1
) and from 5.0 to 7.0 t ha Ϫ1 in the domized complete block design with four replications and 13 WS (Y pot ϭ 8.0 t ha Ϫ1 ). Total N, P, and K uptake at harvest different treatments was installed. Each subplot had a size of were estimated as well. Fertilizer costs were based on average 6 by 4 m. The short-duration cultivar FKR14 (4418) applied fertilizers in the Bagré plain, i.e., urea (FCFA 247 kg Ϫ1 , ments were applied to the same plots in both seasons in a containing 46% N) and "cotton fertilizer" (FCFA 257 kg Ϫ1 , continuous rice-double cropping system. Nitrogen was applied containing 12% N, 10.5% P, and 10% K). The paddy price as urea (46% N), P as triple superphosphate (20% P), and K depends on the milling recovery rate, and the producers of as KCl (50% K). Phosphorus and K were broadcast with the Bagré achieved an average price of FCFA 101 per kg of paddy first N application (14 d The outcome of the FERRIZ_F simulations allowed the ture tester Riceter J.P. Results from this trial were used to development of AFR. FERRIZ_Y was then used to estimate estimate nutrient (N, P, and K) uptake in the subplots without yields and yield differences that can be expected from EFR N (0N subplot), without P (0P subplot), and without K (0K and from the AFR in both WS and DS. subplot) from DS grain yield at 3% moisture, using conversion factors determined by Dobermann et al. (2003a Dobermann et al. ( , 2003b . The
Validation Trials
conversion factor for N is 13.4 kg of N per 1000 kg of grain yield, the conversion factor for P is 2.9 kg P per 1000 kg of Three fertilizer treatments were tested with seven farmers grain yield, and the conversion factor for K is 15. (Dobermann et al., 2003a (Dobermann et al., , 2003b . The N uptake 1. Farmers' practice in terms of fertilizer use (FP). thus calculated in the 0N omission plot was considered a proxy 2. EFR, with urea applied in two splits, i.e., 35% at 15 d for the indigenous soil supply of N (INS), the P uptake calcuafter transplanting and 65% at panicle initiation: lated for the 0P plot was considered a proxy for the indigenous • in the DS: 105 kg N ha Ϫ1 , 31 kg P ha Ϫ1 , and 30 kg K soil supply of P (IPS), and the K uptake calculated for the ha Ϫ1 as 300 kg of "cotton fertilizer" (N-P 2 O 5 -K 2 O, 0K plot was considered a proxy for the indigenous soil supply 12-24-12) and 150 kg urea ha Ϫ1 . of K (IKS).
• in the WS: 82 kg N ha Ϫ1 , 31 kg P ha Ϫ1 , and 30 kg K ha Ϫ1 as 300 kg of "cotton fertilizer" and 100 kg
Developing Site-Specific Nutrient urea ha Ϫ1 . 3. AFR, with urea applied in three splits (three-eighths at
Management Recommendations
early tillering, three-eighths at panicle initiation, and RIDEV simulations of crop duration and sterility were contwo-eighths at booting) and timing of fertilizer applicaducted for the cultivar Sahel 108 (IR 13240-108-2-2-3), which tion guided by RIDEV. Although AFR were developed is similar to short-duration cultivar FKR 19 (TOX 728-1).
for both WS and DS, farmers only adopted the "low" Simulations were conducted at 7-d intervals over a period of AFR developed for the WS, i.e.: 116 kg N ha Ϫ1 , 21 kg 10 yr. The simulations used the dominant crop establishment P ha Ϫ1 , and 20 kg K ha Ϫ1 as 200 kg of "cotton fertilizer" techniques in each season, which are direct seeding in the DS and 200 kg urea ha Ϫ1 . and transplanting in the WS (Segda et al., 2004) . Best timing of crop management interventions as a function of sowing Farmers typically used short-duration rice cultivar TOX date and risks of yield loss due to temperature extremes (low 728-1, or similar short-stature, high-yielding cultivars. In each temperatures in WS and high temperatures in DS) were derice field (typically about 1 ha in size), three subplots of 10 by termined.
10 m were installed to evaluate AFR, EFR, and FP. For AFR and EFR, all management practices were left to the farmer, FERRIZ_F was used to calculate fertilizer doses for target except fertilizer applications. For FP, all management practices, including fertilization, were left to the farmer. At maturity, rice yields were obtained from a 6-m 2 surface area in the center of each subplot, and yields were corrected for 14% moisture. Profit margins from fertilizer use were determined for each treatment using prices for each season. 
where TFC is the total fertilizer cost (FCFA ha Ϫ1 ), GRF the gross return above fertilizer cost (FCFA ha Ϫ1 ), Y R the rice yield (kg ha Ϫ1 ), P R the price for rice (FCFA kg Ϫ1 paddy), P N the price of N fertilizer (FCFA kg Ϫ1 N), P P the price of P fertilizer (FCFA kg Ϫ1 P), P K the price of K fertilizer (FCFA kg Ϫ1 K), F N the quantity of N fertilizer applied (kg N ha Ϫ1 ), F P the quantity of P fertilizer applied (kg P ha Ϫ1 ), and F K the quantity of K fertilizer applied (kg K ha Ϫ1 ).
The incremental profitability of AFR (dGRF) was determined as the difference in gross returns above fertilizer costs between AFR and FP and between AFR and EFR:
RESULTS

Fertilizer Response Curves and Indigenous Soil Nutrient Supply
In the 1999 DS, observed mean grain yields in the N, P, and K omission plots were 2.6 t ha Ϫ1 (0N), 6.1 t ha Ϫ1 (0P), and 6.3 t ha Ϫ1 (0K). The same treatments yielded 2.5 t ha Ϫ1 (0N), 3.2 t ha Ϫ1 (0P), and 4.0 t ha Ϫ1 (0K) in the 1999 WS. This indicated that mainly N and P were limiting yields and that IKS was considerable. The same conclusion can be drawn from the N, P, and K response curves obtained with the same trial (Fig. 1) . Highest grain yields were achieved with 120 kg N ha Ϫ1 (both seasons), with 39 kg P ha Ϫ1 in the DS, and with 25 kg P ha Ϫ1 in the WS. In both seasons, K application did not cause a significant yield increase. The almost linear response to P in the DS and the high yield level achieved suggests that the fixed P dose chosen for the N response curve was too low at high N application rates. Highest grain yield achieved in the experiment was 7.5 t ha Ϫ1 in the DS and 4.7 t ha Ϫ1 in the WS. . Urea (46% N) and "cotton fertilizer" (12% N, 10.5% P, and 10% K) were used in
RIDEV Simulations
the simulations (Tables 3 and 4) , as these fertilizers are Table 2 shows optimal practices according to RIDEV commonly used by farmers in the region. for rice cultivar TOX 728-1. Mean values for simulations Maximum target yields were set to 80% of potential conducted at 7-d intervals over a period of 10 yr are preyield as beyond that level, internal efficiencies of nutrisented. The simulations address the dominant crop esents in the rice plant decline (Witt et al., 1999) . About tablishment techniques in each season, which are direct 80% of potential yield seems also to represent a ceiling seeding in the DS and transplanting in the WS (Segda for what can be achieved by best farmers under field et al., 2004) . The table shows best timing of crop manageconditions (Dobermann et al., 2002) . ment interventions as a function of sowing date (or transFor the same target yield, higher fertilizer doses have planting) and indicates the risk of temperature-induced to be applied when Y pot is lower (Table 3) . For high taryield losses. Transplanting after 3 August must be avoided.
get yields, N, P, and K have to be applied, whereas Assuming a preparation phase of about one month for only N application is needed for low target yields. For the WS and a DS crop duration of 120 d, the DS crop optimal profit (marginal rate of return ϭ 0), up to FCFA should be established by mid-February latest to avoid 135 000 must be invested in fertilizer in the DS, which dangerous delays of the onset of the WS. The WS crop is above the investment made by most farmers. Accordcould then be harvested beginning of December.
ing to the field survey, farmers in Bagré spend on average FCFA 95 000 (maximum FCFA 125 000) for total
Alternative Fertilizer Recommendations
fertilizer costs (Segda et al., 2004) . The comparison of apTo derive AFR, FERRIZ_F simulations were conplied N, P, and K and aboveground plant uptake at the target yield indicates negative P and K balances for all ducted based on the indigenous supply of 35 kg N ha Ϫ1 , simulation scenarios when complete grain and straw the farmers themselves was indeed considerably lower removal is assumed (Table 3) .
than AFR and EFR rates. Farmers applied about 80 kg The outcome of the FERRIZ_F simulations illustrates N ha
Ϫ1
, 16 kg P ha
, and 16 kg K ha
, but there was the importance of N fertilizer as compared with P and K a large variability among farmers in terms of timing and in Bagré . Alternative fertilizer recommendations were dosage used (details not shown). Total fertilizer cost then derived based on estimated yield, NPK balance, was about 30 000 FCFA ha Ϫ1 higher for AFR as comcosts, and simplicity. We decided to reduce the NPK pared with FP. Total fertilizer cost for AFR was substanfertilizer dose as compared with EFR by 100 kg ha Ϫ1 tially lower than EFR in the DS and about the same in and to increase the urea dose by 100 kg ha Ϫ1 . This does the WS. Gross returns above fertilizer cost were most not entail increased costs but gives extra weight to N interesting for AFR, with differences between AFR and as compared with P and K.
EFR ranging from 54 600 to 111 700 FCFA per season Alternative fertilizer recommendations, therefore, were and those between AFR and FP ranging from 34 400 to defined as 116 kg N ha Ϫ1 , 21 kg P ha Ϫ1 , and 20 kg K 147 300 FCFA per season. Over the four seasons, EFR ha Ϫ1 for the WS and 139 kg N ha
, 21 kg P ha
, and increased gross returns above fertilizer costs by an aver-20 kg K ha Ϫ1 for the DS. age of about FCFA 90 000 or about US$ 160 per season To compare the performance of the AFR versus the as compared with both farmers' practice and actual rec-EFR, FERRIZ_Y was used to simulate yield and plant ommendations. uptake with the same input data as above. Simulation results are given in Table 4 . Existing fertilizer recom-DISCUSSION mendations differ for the DS and WS (105 kg N ha Ϫ1 , 31 kg P ha Ϫ1 , and 30 kg K ha Ϫ1 in the DS and 82 kg N Fertilizer trials constitute an important tool to deterha
, 31 kg P ha
, and 30 kg K ha Ϫ1 in the WS), assuming mine fertilizer doses, which help farmers to optimize a lower Y pot in the WS, but reduce only the N dose.
the agroeconomic returns to mineral fertilizer use and Simulated yields with the higher dose were about 6.5 t to maintain the natural resource base. To give sound adha Ϫ1 , whereas the lower dose resulted in yield estimates vice, they should be conducted at several sites within a of about 6.0 t ha Ϫ1 . Nitrogen and P uptake were always homogenous region and over several seasons to capture below the applied amount, whereas K uptake was more the effect of spatial soil variability and temporal weather than three times higher.
variability. Due to the African conditions of often limAlternative fertilizer recommendations increased esited financial means, both conditions can rarely be fultimated yields by 0.4 to 0.5 t ha Ϫ1 as compared with filled. Further constraints are that most fertilizer trials EFR. The balance between nutrients applied and plant in the region are conducted on-station where continuous uptake became more positive for N, balanced for P, and high doses cause considerable residual effects not typical even more negative for K. Simulations were also confor farmers' fields. The approach used in this study alducted for DS growing conditions, using the AFR devellows using different data sources and employs simulaoped for the WS; as farmers were reluctant to accept tion tools to circumvent some of these shortcomings. the "high" AFR doses, they preferred to use AFR devel-
The fertilizer trial used in this study was conducted oped for the WS for both seasons (see below). In this in a farmer's field, thereby reflecting the influence of case, AFR yields were comparable to EFR yields, but farmer crop management practices on soil fertility. Sigat substantially lower costs.
nificant fertilizer responses were only observed for N and P (Fig. 1) . Clear yield increases due to N and P ap-
Validation Experiments
plication and no or little effects of K application were observed repeatedly in several irrigation schemes in the The performance of EFR and AFR and farmers' pracWest African Sahel and Savanna regions (Wopereis et al., tice were compared during the DS and WS of Haefele et al., 2003b) . Buri et al. 2004 (Table 5) . Farmers decided to test only the AFR (1999) reported high soil K levels for most flood plains developed for the WS in both seasons; AFR developed in the same region. Considerable soil K reserves and litfor the DS were considered not within financial reach of most farmers. The amount of fertilizer applied by tle effect of farmer's fertilizer management (largely with- out K application) on extractable soil K in a Sahelian also indicate that at current IS levels, no P or K application would be necessary up to target yields of 6.5 t ha
Ϫ1
. flood plain were shown by . Highest yields in the trial were achieved with 120 kg N ha Ϫ1 and Such a strategy would be highly beneficial in the short term (low costs and high target yield), but comparison 39 kg P ha Ϫ1 in the DS and 120 kg N ha Ϫ1 and 26 kg P ha Ϫ1 in the WS. of nutrient input and plant uptake shows that this would result in negative P and K balances. Based on the NPK omission plots in the trial and empirical factors for NPK uptake in such plots (DoberKnowing the low soil P reserves and their rapid depletion in West African flood plains (Buri et al., 1999; Haemann et al., 2003b) , IS for NPK was estimated. Indigenous N supply estimated for the trial site was very close fele et al., 2004) , a balance between P application and plant uptake was targeted for the site-specific nutrient to the average INS measured in the 1999-2000 survey for farmers' fields (Segda et al., 2004) . No survey meamanagement recommendations (Table 3) . In comparison with existing recommendations, this can be achieved surements for IPS and IKS were available.
Estimates of IS for N, P, and K and other input paramwith lower compound fertilizer doses, allowing an increased N dose at identical cost levels. eters (potential yield, fertilizer recovery fractions, and input prices) allowed to calculate economically optimal A relative increase of N was repeatedly recommended and successfully tested in West African irrigated riceyields and determine fertilizer doses for specific target yields with FERRIZ_F (Table 3) . The dominant N limibased systems Donovan et al., 1999; Haefele et al., 2000 Haefele et al., , 2002 , and the simulations tation is showing clearly in the simulations, but they show that this strategy increases profits over the existing for transplanting. Without knowledge of these processes, it is extremely difficult for farmers to relate the occurrecommendation, especially at higher Y pot . The simulations also show that mainly N needs to be adjusted to rence of low minimum temperatures around panicle initiation with spikelet sterility. With a tight cropping Y pot , whereas P and K doses can be maintained stable. This opens the way to real-time N management stratecalendar for rice double cropping and additional activities in surrounding rainfed fields, delays in establishgies. Adjustment of N doses to rice crop appearance (i.e., leaf color chart) was successfully tested in Asia (Balament are easy to understand. Since such delays can have tremendous effects, farmers must understand the subramaniam et al. , 1999) and has high potential in African environments too. Even though the compound consequences of a late start in the WS to react adequately. The frequent occurrence of cold damage in the fertilizer dose was reduced, the P dose is still high and close to the dose achieving optimal responses in the simulations over 10 yr indicate that in the case of a delay, not growing rice seems the better alternative. Spikefertilizer trial (Fig. 1) .
As average farmers' yield increases from the current let sterility due to high daily maximum temperatures in the DS as reported from irrigated schemes further north level of about 3.6 (WS) to 4.9 (DS) t ha Ϫ1 to the simulated yield of 6.5 to 6.9 t ha Ϫ1 , actual P balances will (e.g., the Office du Niger in Mali; Dingkuhn and Sow, 1997) does not seem to be an important problem in the still remain positive. The K balance based on K input and plant K uptake became more negative as compared with region. Nevertheless, farmers should establish the DS crop in January or mid-February latest since delayed the existing recommendation, but it assumes complete straw removal, no other K inputs, and average yields start of the DS is in most cases directly related to a late start of the WS. RIDEV-derived recommendations on close to 6.5 to 6.9 t ha
. Considerable K inputs can be expected from dust deposition (Hermann, 1996) , and reoptimal timing of crop management practices during the season (Table 2) can further contribute to higher maining stubbles as well as straw application (in the form of compost or manure) can reduce the negative balfertilizer efficiency and should be part of integrated crop management options. Such approaches were successful ance considerably. Together with the high soil K reserves discussed above and the current absence of K in similar rice-based systems in West Africa (Kebbeh and Mié zan, 2003) . response, a strategy of slow soil K mining seems more adequate than a soil K maintenance strategy. Saving the investment for soil K maintenance in the near future CONCLUSIONS might help African rice farmers to compete better with Surveys conducted in irrigated rice-based systems in cheap imports. Higher K doses would become adequate West Africa have demonstrated that considerable powhen K responses can be observed and when farmers tential exists to improve rice productivity in these sysreach a higher productivity level.
tems through improved crop management, with imThe simulated yield and profitability gains were more proved soil fertility management as a key factor. Low than confirmed in farmers' fields during four consecuproductivity not only threatens the economic survival tive growing seasons. In all seasons, AFR yields were of individual farmers, but also puts at risk the sustainconsiderably higher than EFR or FP yields, and yield ability of entire irrigation schemes. However, the need gains were significant (p Ͻ 0.05) in 2004 (Table 5 ). Yield to work with farmers on alternatives to current, often gains from AFR were larger than simulated, probably outdated, fertilizer recommendations collides with Afribecause for AFR, fertilizer N was applied in three splits, can reality where limited financial means do not allow ensuring better balanced crop nutrition as compared large-scale research activities. The presented case study with farmer practice and EFR where only two N splits used a framework of simulation models and available were used. Similar results were obtained by Wopereis- field data to develop improved nutrient and crop manPura et al. (2002) . Monitoring INS, IPS, and IKS every agement recommendations for increased agroeconomic 5 to 10 yr with omission plots in farmers' fields as proproductivity at current input levels. This approach is, in posed by Dobermann et al. (2003a) and the framework principle, relatively cheap but requires skills that are presented here may serve to readjust AFR in the future. unfortunately still relatively rare in West Africa. Segda et al. (2004) found low economic returns to investment in fertilizer, particularly in the WS (Segda ACKNOWLEDGMENTS et al., 2004) . It was concluded that suboptimal timing of crop management practices and suboptimal fertilizer This study was partly financed by the United States Agency management were the most important single factors for International Development (USAID), the International contributing to the observed low efficiency. This is espe- 
